We report here the properties of LiCl aqueous solutions at various concentrations confined inside the pores of the ZIF-8 metal−organic framework, on the basis of classical molecular dynamics simulations. This system has been proposed for applications in the storage or dissipation of mechanical energy, using the liquid-phase intrusion of concentrated electrolytes in the hydrophobic framework. We describe the structure of the liquids and the influence of confinement, their dynamics, the mechanical properties of ZIF-8, and the impact of liquid intrusion on them. We show that the presence of the electrolyte has a moderate impact on the ZIF-8 framework whereas the presence of the ZIF-8 matrix strongly influences the behavior of the confined aqueous solution, affecting the overall properties of the system. We also computed the free energy profile for the entry of water molecules and ions into the nanopores, showing a difference between anions and cations.
INTRODUCTION
Nanoporous crystalline materials, such as zeolites, metal− organic frameworks (MOFs), carbon nanotubes, and inorganic open frameworks enjoy a wide range of applications, ranging from catalysis, fluid separation, and purification to gas capture and detection of dangerous molecules. The fundamental basis for most of these applications is the material's capability to adsorb large quantities of molecules inside its nanometer-sized pores, due to its large specific surface area. 1 In this context, hydrophobic nanoporous materials offer the advantage that the uptake of water from the gas phase, e.g., humidity in the air, is very small. 2−4 Given that water is often strongly adsorbed and competes with other molecules for adsorption sites, hydrophobic molecular sieves can offer higher separation properties. 5, 6 One of the novel applications that has been proposed for hydrophobic nanoporous materials is related to mechanical energy storage or dissipation through water intrusion. 7, 8 In a hydrophobic porous material, the pressure at which external water will enter the pore space is greater than the vapor pressure of water. That is, adsorption happens only in the liquid phase, and this high-pressure adsorption is called intrusion. 9 This phenomenon has been extensively studied in inorganic nanoporous materials, such as zeolites, 10−13 and more recently evidenced in hydrophobic metal−organic frameworks. 14−16 Depending on the nature of the nanoporous material and the strength of the host−guest interactions, intrusion curves can have different shapes and be classified either as a molecular spring, a shock adsorber, or a bumper. This classification depends on the level of hysteresis during an intrusion−extrusion cycle. For more details, we refer the interested reader to a review we recently wrote. 9 A very sought-after property related to the intrusion of water in hydrophobic frameworks is the ability to tune the intrusion pressure and the amount of hysteresis present. This can be achieved by chemical modifications of the structure of the host material 17 or by changing the nature of the liquid, namely, by adding ions to the water. 18 Depending on the size of the ions and porous channels, in some cases, only water can enter the nanopores whereas ions stay in the bulk liquid. The change in the intrusion pressure is then directly related to the additional osmotic pressure the fluid has to overcome to enter the structure. 16 But in other cases, the addition of ions has a more complex impact on both the intrusion pressure and the shape of intrusion curves. For example, in the pure silica analogue of the β zeolite, 19 increasing the electrolyte concentration from 5 to 10 mol/L only shifts the intrusion pressure but increasing it again to 15 mol/L changes the overall behavior from a shockabsorber to a spring. 20 Such changes indicate that the interaction between the electrolyte fluid and the host structure is not merely reduced to a simple effect of size-based exclusion. At the same time, in situ X-ray diffraction measurements performed during intrusion−extrusion cycles showed that MgCl 2 ions can enter a pure silica ferrierite during intrusion. 21 All of this evidence points to a more complex effect than pure osmotic pressure when using an electrolyte fluid for intrusion.
Moreover, we know that adsorption of water in the gas phase can induce large structural changes in nanoporous materials. 22, 23 This is particularly true of soft porous crystals, 24 such as flexible MOFs, 25 exhibiting dynamic frameworks that are able to respond to external stimuli. This has been studied, by both experimental and computational means, on the MIL-53 family of "breathing" frameworks: the presence of water influences the structure of MIL-53(Cr) 26 and is responsible for the occurrence of numerous structural transitions in MIL-53(Ga), as a function of both water vapor pressure and temperature. 27, 28 Relatively little is known, in contrast, on the impact of liquid water and aqueous solution intrusion on the structure of flexible MOFs.
Here, we are interested in the study of the high-pressure electrolyte intrusion in ZIF-8. ZIF-8 is a nanoporous material part of the zeolitic imidazolate framework (ZIF) family. These MOFs are built from imidazolate anions as their organic linker (mim = 2-methylimidazolate in the case of ZIF-8) and a divalent metal cation (here, Zn 2+ ). The frameworks of ZIFs are four-connected, meaning that the ZIFs adopt zeolitic topologies, with the metal center replacing the tetrahedral silicon atom and the linker replacing the oxygen atoms in the SiO 2 building block. ZIF-8 has the formula Zn(mim) 2 and adopts the sodalite (sod) topology. In this topology, large quasispherical pores corresponding to the sodalite cages are connected by windows formed by 6 and 4 zinc atoms (see Figure 1 ). In ZIF-8, the 4-member windows are too small for any molecules to go through and all of the connectivity of the pore space happens though the 6-member windows. ZIF-8 is hydrophobic 17 and presents an interesting behavior upon intrusion. Whereas osmotic pressure effects do not depend on the chemical nature of the ions, ZIF-8 shows changes from one energetic behavior to another when the ionic nature changes while keeping concentration constant. 18 ZIF-8 behavior can also be tuned chemically, by modifying the nature of the linkers; for example, changing 2-methylimidazolate to 2chloroimidazolate increases the intrusion pressure. 29 However, the exact mechanism and behavior at the molecular level upon intrusion of electrolytes in ZIF-8 are still unknown. In this work, we used classical molecular simulations to study the structure, dynamics, and energetic implications of confining water and aqueous solutions of LiCl in ZIF-8. Using these simulations, we were able to explore different aspects of the {water, ZIF-8} and {electrolyte, ZIF-8} systems. We describe below the structure of the liquids and the influence of confinement, their dynamics, the mechanical properties of ZIF-8, and the impact of liquid intrusion on them. We conclude by a series of considerations on the energetics of intrusion and results on the thermodynamics and the free energy of entry of ions in ZIF-8.
COMPUTATIONAL METHODS
We ran classical molecular dynamics simulations and umbrella sampling simulations using the LAMMPS 30 code. The umbrella sampling simulations additionally used the colvars 31 module for collective variables. We used a combination of different force fields for the component of the system: a rigid SPC/E 32 for water, for its ability to describe the dynamics of liquid water and the solvation of ions; a flexible force-field adapted from AMBER by Zheng et al. 33 for the description of the ZIF-8 framework; and a combination of electrostatic and Lennard-Jones potentials for the ions, reproduced in Supporting Information Table S1 . 34 We used Lorentz− Berthelot mixing rules for cross-terms in Lennard-Jones potential, and Ewald summation to account efficiently for electrostatic interactions. We used a cutoff of 8.5 Å for both the Lennard-Jones potential and the separation between real space and Fourier space in the Ewald summation.
After an initial energy minimization, we carried all simulations in the isothermal-isobaric (N, P, T) ensemble with a time step of 1 fs, using a Nose−Hoover thermostat with a time constant of 1 ps and a Nose−Hoover barostat with a time constant of 10 ps. We allowed the barostat to make arbitrary changes to unit cell lengths and tilt factors (fully flexible anisotropic cell), while imposing an isotropic pressure to the system. Unless specified otherwise, we ran all simulations in the (N, P, T) ensemble for 10 ns, and only used the last 4 ns for analysis.
We used three different types of systems in this study. First, we used bulk liquids at different LiCl concentrations: 0 mol/L (pure water), 1 mol/L, 5 mol/L, 10 mol/L, 15 mol/L, and 20 mol/L; the experimental solubility of LiCl in water at 25°C is 19.87 mol/L. Then, we simulated a 3 × 3 × 3 supercell of ZIF-8, with liquid confined inside the pores, at the same concentration as that of the bulk liquid. Finally, we used a 2 × 2 × 3 ZIF-8 supercell containing pure water together with a 34 Å cubic reservoir of water on top (this system featured an explicit ZIF-8/liquid interface) for the umbrella sampling simulations.
We generated the initial configuration using packmol software, 35 randomly placing the desired number of particles in the system. We started with bulk electrolyte in a 32 Å cubic box containing 750 water molecules for the pure water and added ions for the different LiCl concentrations. For the liquids confined in ZIF-8, we needed to know how many molecules would fit in the ZIF-8 pores. For that, we ran a constant pressure simulation with a reservoir of pure water outside an empty 2 × 2 × 3 ZIF-8 supercell at 0.5 GPa. We ran the simulation for 10 ns and counted 75 water molecules in one unit cell. We then ran simulations of the bulk liquid at varying concentrations at the constant pressure of 0 GPa and recorded the corresponding particle density. Using the density of pure water, we mapped the 75 molecules per unit cell to an accessible porous volume of 2.286 nm 3 or 46% of the unit cell. From this volume and density of the bulk liquids, we could now compute the number of molecules to place in the 3 × 3 × The Journal of Physical Chemistry C Article 3 supercell for each concentration. The resulting system was a cubic box of 51 Å, containing roughly 13 000 atoms.
For analysis, we used the chemfiles library and its cfiles command-line interface (available online at https://github. com/chemfiles/cfiles). Representative input files for the simulations are available online in the data repository at https://github.com/fxcoudert/citable-data.
RESULTS AND DISCUSSION
3.1. Structure of the Liquid. From the point of view of the liquid, the principal effect of intrusion is the confinement of the fluid to a pore space of nanometric dimensions, i.e., the nanoporous material acts as a host matrix, although a flexible one. Here, we look at the effects of this confinement on the liquid structure, as a function of the electrolyte concentration. To characterize the structure of the liquid and the solvation of ions confined in ZIF-8, we computed the radial distribution function for each pair of atom types in the system. They are presented in Supporting Information Figures S1 and S2. Integrating the radial distribution function until the first minimum gives the number of neighbors in the first solvation shell of each atom. The evolution of this number of neighbors as a function of LiCl concentration is presented in Figure 2 , for both the bulk liquid and the confined liquid.
The first thing we can see here is that for all species (Li, Cl, and water), the number of neighboring water molecules, i.e., the solvation, decreases as the LiCl concentration increases. At 0 and 1 mol/L, there are more than enough water molecules with respect to the ions (roughly 55 water molecules per ion at 1 mol/L) so that they can be in their ideal solvation state: 4 H 2 O per Li + and 6 H 2 O per Cl − . But as the concentration increases, there are fewer available water molecules and the ions have to accommodate by having less molecules in their first solvation shell. At 20 mol/L, there are only 2.7 water molecules available for each lithium ion and each cation is thus surrounded by 1.9 water molecules, less than half its complete solvation state. The same is true for water/water coordination through hydrogen bonds, as the water molecules compete with the ions to surround themselves with other water molecules.
In the bulk liquid, the loss of neighbors is linear with the concentration, as all molecules in the system are able to adapt to find the state of the largest possible solvation. In the confined liquid however, the molecules are geometrically constrained by the presence of the ZIF-8 framework, which manifests as an excluded volume, and thus are not able to adapt as well to the increase in LiCl concentration, making the number of neighbors drop faster. We also note a slight increase in the number of chlorine neighbors of lithium ions at intermediate concentration, compared with the bulk: the effect of confinement, by diminishing the solvation of the ions, favors the occurrence of anion−cation pairs. The number of lithium neighbors for chlorine ions is the same as the number of chlorine neighbors for lithium ions.
Going from bulk liquid to confined liquid also changes the number of neighbors for water and Cl ions, even at 1 mol/L. In addition to preventing a full reorganization of the water molecules when the concentration increases, the presence of the framework also affects the structure of the solvation shells. Molecules close to the framework can only have neighbors from the liquid on one side, an excluded volume effect. However, the framework also has an effect at a longer range, with the available space in the pores dictating the arrangement of molecules. Instead of being widely distributed, the molecules are restricted to specific preferential locations, due to host−guest interactions. This effect is particularly visible in Figure 3 and is stronger in Cl/water pairs than water/water or Li/water, as the Cl has a larger radius and binds to the hydrogen atoms in water, making its solvation sphere both bigger and "softer".
We also present in Figure 3 the density profile of atoms in the confined liquid, represented in the xy plane, averaged over z and the 3 × 3 × 3 supercell. To account for cell deformation during the (N, P, T) simulations, we used fractional coordinates to represent the positions of atoms.
Here, we clearly see the long distance structuration of water inside the ZIF-8 pores. At low concentration (1 mol/L), the water molecules occupy very well-defined sites, in particular, inside the windows between two neighboring cages. As the concentration increases, this organization is perturbed by the ions inserted in the water molecules' network; however, this effect is relatively small and the water distribution is not greatly affected. The same can be observed in the distribution of chlorine ions, with a well-defined, high symmetry distribution at low concentration, but as the concentration increases, the distribution of ions becomes more and more distributed over the whole pore space. Concerning lithium ions, they present a looser arrangement inside the pores and are distributed relatively evenly yet present a preferential occupation next to the water molecules in the 6-member windows (in the diagonal in Figure 3 ).
These results can be explained by both the difference in kinetic radius 36 for water molecules (2.65 Å), chlorine ions (3.2 Å), and lithium ions (2.1 Å), as well as the strong attraction between water oxygen atoms and lithium (see the radial distribution functions in Figure S2 ). The difference in size allows lithium ions to fit in smaller spaces, and an even distribution of ions will increase the total entropy of the system. At the same time, chlorine ions and water molecules are more polarizable than lithium and as such will have stronger interactions with the aromatic linkers, making it preferable for them to take the highly organized arrangement we observe.
3.2. Dynamics under Confinement. We used two different indicators to quantify the dynamics of water molecules confined in ZIF-8 and the impact of LiCl concentration and pressure on these dynamics. The first one is based on the lifetime of hydrogen bonds between water The Journal of Physical Chemistry C Article molecules. Following Luzar and Chandler, 37 we characterize the presence of a hydrogen bond between two water molecules as two oxygen atoms separated by less than 3.5 Å, with an oxygen−oxygen−hydrogen (ÔOH) angle less than 30°. We then computed the time autocorrelation function of the hydrogen bond existence function H(t), set to 1 if the bond exists at time t, 0 if it does not exist, as follows
The decay of this autocorrelation function, presented in Figure  4 , is characteristic of the dynamics of the hydrogen bond network and the lifetime of individual hydrogen bonds. This geometric definition of hydrogen bonds has a minor inconvenience: small fluctuations of the atomic positions, near the cutoff values, can be mistaken for hydrogen bond forming and breaking. To overcome this issue, we also computed the time autocorrelation of the orientation vector u(t) of water molecules
. 38 The results for rotational correlation are presented in Supporting Information Figure S9 and Table  S3 . Because water is a strongly associated liquid, breaking a hydrogen bond is predominantly correlated to rotational jumps; both autocorrelations behave in very similar ways, and we focus here the discussion on hydrogen bond decays.
We then fitted all autocorrelation functions with biexponential functions
where τ 1 and τ 2 are the two time scales of decay and A 1 and A 2 are their relative weights. The resulting fit parameters are presented in Supporting Information Table S2 . The corresponding data is presented in Figure 5 at the pressure of 0 GPa. We found that the pressure only has a negligible influence In the bulk liquid, the shortest lifetime is almost constant as the concentration increases but the weight of this fast process (A 1 ) decreases. This suggests that this fastest lifetime is associated with hydrogen bonds between water molecules surrounded only by other water molecules. As more and more ions are added in the system, water molecules are less likely to be surrounded only by other water molecules, as indicated by the results presented in Section 3.1. We also note that this lifetime is smaller in the confined liquid than in the bulk phase, which has already been shown for water at interfaces: Fogarty et al. 38 showed that it is linked to the librational motions of the OH bonds, and the dynamics of these "dangling" OH groups at interfaces is faster than bulk. 39 On the other hand, the second lifetime, associated to the slowest process, increases with concentration, as well as the corresponding weight (A 2 ). This points to hydrogen bonds between water molecules bound to ions.
In the confined liquid, weights still evolve in the same way with respect to the concentration, which points to them being associated with the same kind of hydrogen bonds. The second lifetime increases in the confined liquid compared with the bulk liquid. This slowdown of water dynamics under confinement is well-known 38 and has been observed in many classes of nanoporous materials. 26,40−42 It is attributed to the stronger organization of water as well as water molecules finding fewer partners for hydrogen bond exchange. The same arguments also apply to the increase in LiCl concentration, both in the bulk and confined liquid. This is coherent with what we see on the changes on bulk modulus as concentration changes in Table 1 .
A separate way to quantify the dynamics of the confined and bulk liquid is to look at the diffusion of different species in the liquids. The diffusion coefficient D can be extracted from the mean square displacement using the Einstein relation
This relation is only valid for long times and if diffusion indeed occurs in the system. We computed the mean square displacement for water, lithium, and chlorine in both the bulk and confined liquid; the corresponding curves are presented in Supporting Information Figures S13 and S14. We then extracted the coefficient of diffusion from these curves when possible; they are shown as a function of concentration in Figure 6 . We could not get diffusion coefficients for the ions in the confined liquid, since they do not cross the windows, as explained in Section 3.6. The diffusion coefficient for pure water (2.6 × 10 −9 m 2 /s) matches previous studies of the same water model. 43 In the bulk liquid, as the ion concentration increases, both the self diffusion of water and the diffusion of the ions slow down dramatically. At 20 mol/L, the diffusion coefficient of water is only 0.072 × 10 −9 m 2 /s and the coefficient of the ions is 0.012 The Journal of Physical Chemistry C Article × 10 −9 m 2 /s. Concerning the confined liquid, we observe the same slowdown of the dynamics as usual, the water being 1 order of magnitude slower when confined compared with the bulk. Then, concentration effects are added, slowing the diffusion even further. Diffusion thus shows the same behavior as the hydrogen bond dynamics, with two independent and additive processes (confinement and ion presence) explaining the global slowdown of the dynamics. 3.3. Deformation of the Framework. We have studied the property of the confined liquid inside the ZIF-8 framework and the changes in the structure and dynamics of this liquid as it goes from a bulk to a confined state. It is also interesting to look at the changes the framework undergoes when going from an empty state to an intruded state. Macroscopic changes to the volume are relatively small (less than 4%) and presented in the following sections. In this section, we will look at the internal deformations of the framework under intrusion.
Following previous works on the flexibility of ZIF-8, 44−46 we used the distribution of the Zn−Zn−Zn−CH 3 dihedral angle (also called the swing angle) to characterize the deformations of the framework under intrusion. This angle describes the rotation of the methylimidazolate linker around the surrounding zinc axis. The distributions for empty and intruded ZIF-8 are presented in Figure 7 .
The distribution for the empty framework reproduces the already published results: it is a Gaussian distribution, centered on the equilibrium value of 15°, and with fluctuations of the order of 10°. The distribution for ZIF-8 containing the electrolyte liquid does not seem to depend on the electrolyte concentration. Instead it is centered on 5°and still has the same order of magnitude for fluctuations. This is to be contrasted with the effect of nitrogen adsorption at 77 K in ZIF-8, 44 where the equilibrium value goes from 10 to 25°as the pores fill up with nitrogen. It is, however, interesting to note that the presence of ions does not impact the structure more than the presence of pure water does. This is coherent with the results presented in Figure 3 , where the water molecules are located inside the 6-member windows. Water molecules take the place of linkers that rotate to accommodate them in the windows. As ions never enter this window, they do not have any effect on the linkers' rotation.
3.4. Elastic Properties. Given its potential applications in mechanical energy storage, one of the most important properties of the ZIF-8/electrolyte system is its mechanical behavior and notably its stability under high pressure. As increasing stress is applied to a material, it will first deform in a reversible and linear fashion, in what is called the linear elastic regime. Under higher stress, the material will start to deform in an irreversible way and finally break. Information on the linear elastic regime and its extent is useful to study the stability of materials under stress, as stiffer materials are generally tougher and able to bear higher stress before failing. This is particularly important for soft nanoporous materials, where the mechanical stability range is lower than that in inorganic porous materials such as zeolites and where pressure-induced amorphization is common at moderate (sub-gigapascal) pressures. 47−49 We probed the mechanical response of the ZIF-8/electrolyte system using direct simulations of the system under explicit hydrostatic stress. We first note that even though we allowed arbitrary changes to the unit cell lengths and tilt factors, all simulation cells remained orthorhombic. Figure 8 presents the changes in volume as the pressure increases, for all liquid concentrations. We can see that up to 1 GPa, the deformation remains in the elastic regime and that the response is almost linear. Moreover, confining an electrolyte in the ZIF-8 structure does not drastically affect the mechanical properties of the system.
From these curves, we extracted the bulk modulus K of the system, defined as
We evaluated the derivative (∂P/∂V) in the above formula as the slope of the curves from 0 to 1 GPa. The values of the bulk modulus in various conditions are reported in Table 1 . The value for the empty ZIF-8 is close to the experimental 50 value of 7.8 GPa. The bulk moduli of pure water and 1 mol/L are further away from the experimental values 51 of 2.4 and 2.6 GPa, respectively. These differences are likely coming from the force fields we used, which were not parameterized on mechanical properties of the framework or the liquids. The Journal of Physical Chemistry C
Article
The trends, however, are interesting to see. Adding water to the pores of ZIF-8 only changes the bulk modulus by a moderate amount (10%), meaning that most of the stiffness comes from the ZIF-8 framework, the stiffer component of the two. However, adding ions to the liquid has a larger effect, both in the bulk state and the confined state, with the bulk modulus increasing by up to 50% at 20 mol/L with respect to the empty framework. Since we generated the structures in such a way that the volume occupied by the liquid is always the same, the increase in the bulk modulus is not related to changes in the size occupied by the ions relatively to water. Rather, this increase in the bulk modulus comes from the stronger interactions between ions and water molecules, compared with interactions between water molecules. The interactions between lithium cations and water molecules are stronger than water−water hydrogen bonds and will make the liquid less compressible, especially at high concentrations where, statistically, all water molecules are bonded to at least one lithium atom. This is further supported by the fact that the bulk modulus increases by the same order of magnitude (≈5 GPa) in both the bulk liquid and the confined liquid in ZIF-8.
3.5. Thermodynamics of the Intrusion. To shed light into the energetics and thermodynamics of electrolyte intrusion in ZIF-8, we extracted the potential energy for various subcomponents of the total system by taking the average value of the interaction energy of the corresponding subcomponents. The resulting average energies are presented in Table 2 , where E total is the total potential energy of the electrolyte confined in ZIF-8, E ZIF is the interaction of ZIF-8 with itself, E LiCl is the interaction of the confined electrolyte with itself, and E ZIF/LiCl is the interaction of the electrolyte with the ZIF-8. E LiCl bulk refers to the total potential energy of the bulk electrolyte with the same number of particles as that of the confined one. Every quantity is expressed for one unit cell of ZIF-8, plus the confined liquid inside. From these values, we can extract a few thermodynamic quantities of interest, presented in Table 3 . E c E ( ) ( ) ( ) intr total LiCl bulk ZIF empty ΔE ZIF is the energetic change in ZIF-8 during intrusion, ΔE LiCl is the energetic change in the electrolyte during intrusion, and ΔH intr is the intrusion enthalpy, i.e., the enthalpy change during the ZIF-8 + liquid → liquid ∈ ZIF-8 process.
The sign convention is taken so that all of these energies are negative when the confined state is more stable.
We can see in Table 3 that the intrusion process has a relatively small impact on the ZIF: the energy difference between the empty and intruded states ΔE ZIF is in the range of tens of kT (at 300 K, kT ≈ 0.6 kcal/mol). The ZIF-8 framework is slightly destabilized (energetically) in presence of the intruded liquid except at 0 mol/L, where it is slightly stabilized. The overall effect is small compared with the two next trends we will see. We have already shown that the presence of ions has little to no effect on the ZIF-8 structure in Section 3.3.
First, the liquid is always more energetically stable in the intruded phase than in the bulk phase (ΔE LiCl ). This might seem strange as ZIF-8 is a hydrophobic material, but the values presented only account for energetic contributions and do not contain entropy. Figure 3 shows that the entropy of the confined liquid can indeed be expected to be lower than the entropy of the bulk liquid, because of the strong organization of the confined fluid. As the LiCl concentration increases, the intruded phases become more and more stabilized, with the ions adding additional rigidity and strong interactions in the pores network.
Second, we see that the energetic behavior of the whole process (ΔH intr ) is more complex: the intrusion process is energetically favorable for low concentrations (≤5 mol/L) and becomes unfavorable at higher LiCl concentrations (≥10 mol/ L). The interaction between the liquid and ZIF-8 (E LiCl/ZIF in Table 2 ) makes for the difference between ΔE ZIF + ΔE LiCl and ΔH intr . Even if the process is energetically favorable at low concentrations, intrusion is not spontaneous because of the entropy contribution to the Gibbs free energy, which makes the adsorption overall thermodynamically unfavorable. This balance of effects, computed here from molecular simulations, could be measured experimentally using high-pressure calorimetry, as has been done for the purely siliceous silicalite-1 zeolite. 52, 53 3.6. Thermodynamics of Ion Entry into the Nanopores. In the previous sections, we described the behavior of intruded electrolytes in the pores of ZIF-8, using full periodic boundary conditions. Here, we want to investigate the thermodynamics of the process by which species (water molecules and ions) can actually enter the nanopores space, i.e., pass through the windows of the material and its external surface. We have thus modeled an explicit water/ZIF-8 interface, depicted in Figure 9 : the system herein thus contains both water in the bulk state in a 34 Å × 34 Å × 30 Å reservoir and water confined inside ZIF-8. We used umbrella sampling simulations and the WHAM analysis method 54 to reconstruct the free energy profile of a single species (Li + , Cl − , or H 2 O) entering ZIF-8 along the (111) crystallographic axis. We The Journal of Physical Chemistry C Article placed the molecule of interest at 5 Å of a window between the bulk and confined water and the corresponding counter ion on the other side of the ZIF-8 slab (to keep the system neutral yet minimize ion−ion interactions). We ran a total of 121 umbrella sampling simulations for each species, spaced at every 0.33 Å. Each simulation ran for 500 ps in the (N, V, T) ensemble, using the last step of the previous simulation as the starting point. The resulting free energy profile is presented in Figure 10 , together with the average number of neighbors at a given position on the axis (lower panel).
The first conclusion is that there is no free energy barrier for entry of the water molecule: the energy profile is flat, and the number of neighbors is constant around 4. This is coherent with the results already presented on the location of water molecules inside the ZIF-8 windows and on the number of neighbors for water molecules inside ZIF-8. This also confirms that the nature of the liquid-phase intrusion process is not a kinetic limitation of water adsorption but actually due to thermodynamic hydrophobicity of the framework. For chlorine anions, we observe two barriers on the free energy profile, which correspond to the ZIF-8 windows at 0 and 15 Å. These barriers are correlated to a lower number of neighbors for the anion, dropping to a value of 4: there is not enough space inside the window to fit a chlorine ion and 7 water molecules, and the anion has to partially desolvate to pass through the window, explaining the presence of the free energy barrier. Outside of these barriers, the profile is flat and at the same level as that in the bulk liquid, meaning that although the entry of a single chlorine ion is a rare event, at a long thermodynamic time scale, Cl − ions should be able to enter in ZIF-8. Generally speaking, the Cl − ions have a kinetic barrier to entry in the ZIF-8.
The results for Li are more surprising. We see both a high barrier at the first (x = 0 Å) and second (x = 15 Å) windows and a free energy difference between outside and inside the pores of roughly 13 kcal/mol. This free energy difference is not only due to the bulk liquid to confined liquid transition, as it is also present in the transition between before and after the second window. At the same time, these barriers and energy differences are not linked to a difference in solvation as in the chlorine case, as the number of neighbors of lithium stays constant around 4. Indeed, the solvation of Li + by water is much stronger, and its solvation sphere is smaller in size than that of Cl − . As lithium does not partially desolvate or rearrange to pass the barrier, the whole solvation sphere needs to go through a relatively small window, thus making the barrier higher. This points to a difference in nature between the Li + and Cl − ions, which will have to be probed further, for example, by studies on other ions of different size.
From this 13 kcal/mol free energy difference, we can calculate a partition coefficient of K = exp(−ΔF/kT) ≃ 4 × 10 −10 . This very small value means that there is, in practice, exclusion of the Li + ions from the nanopores, at infinite dilution. There may, however, be a collective effect when the concentration of LiCl increases, meaning we would get a very different value for a LiCl solution than for a single, isolated Li + cation.
CONCLUSIONS
Liquid intrusion of water and concentrated aqueous solutions in hydrophobic materials has been proposed for applications in mechanical energy storage and dissipation, and recently ZIF frameworks have been highlighted for the high energy density that they can store. However, although the process of intrusion has been well studied in various zeolitic materials over the last 20 years, there is relatively little information available on the behavior, at the microscopic scale, of water and electrolytes in hydrophobic metal−organic frameworks. These systems are difficult to probe experimentally, because liquid intrusion has to occur under high pressure. Therefore, we have used molecular dynamics simulations to shed some light onto the properties of LiCl aqueous solutions at various concentrations confined inside the pores of the ZIF-8 metal−organic framework. We show that the presence of the electrolyte has a moderate impact on the ZIF-8 framework, whereas the presence of the ZIF-8 matrix strongly influences the behavior of the confined aqueous solution, affecting the overall properties of the system. We also computed the free energy Figure 9 . Representation of the systems used in umbrella sampling simulation to compute the free energy profile of entry of lithium ions in ZIF-8. We used similar systems for the free energy profile of entry of chlorine and water. Water molecules are represented in red; lithium ion, in blue; and chlorine ion, in green. ZIF-8 is represented as a transparent matrix. The first ZIF-8 windows is at x = 0; the x < 0 area corresponds to bulk water, and the x > 0 area, to water-filled ZIF-8. We evaluated the uncertainty on the free energy profile using Monte Carlo bootstrapping 54 and found it to be at most 0.08 kcal/ mol for H 2 O and 0.3 kcal/mol for Cl − and Li + .
The Journal of Physical Chemistry C Article profile for the entry of water molecules and ions into the nanopores, showing a difference between anions and cations.
Whereas this work provides an interesting picture of the LiCl electrolytes in ZIF-8, it also opens a few venues for future research. The main one is the impact of the ion size on the properties of the confined liquid. Experiments have been performed with other ions of larger size, including KCl, and there it is not even clear what fraction of the larger cations (K + ) actually can diffuse inside the nanopores. Computational approaches to these systems will be of great help in rationalizing the experimental results and provide a view of the microscopic mechanisms that are behind them.
Another one is to give a deeper look at the free energy barriers for ions passing through the windows of ZIF-8. Whereas the windows are found, in the gas phase, to be very flexible and let diffuse molecules of large diameter (up to butane), we find that the entry of solvated species, such as ions in water, can be linked to a significant free energy barrier. Our free energy simulations of this process will have to be extended to other ions, not only to probe the influence of the size of both the ion and its solvation shell but also to look at the influence of electrolyte concentration on the free energy profiles. Initial tests in this direction have shown that this should be technically possible but convergence in such highly constrained systems is very difficult to achieve.
Finally, this work focused on the ZIF-8 framework, perhaps the most archetypal of the ZIF materials. The influence of framework functionalization with various imidazolate derivatives, which has shown to greatly impact adsorption in the gas phase, will surely also manifest itself in the liquid-phase intrusion processes. Relationships between nanoporous structure and intrusion properties have been studied in the past in hydrophobic zeolites, where the impact of structural flexibility does not greatly impact the intrusion behavior, except in cases of chemical reactivity between water and the framework. Future work will need to address the question of the impact of the nanoporous host's flexibility on the intrusion−extrusion cycle: questions of both thermodynamics and kinetics are still widely open. In particular, whether one can fine-tune the intrusion of aqueous solutions in hydrophobic materials by control of flexibility is of large interest, since it would add another possible variable (in addition to pore size and solution concentration) to the dimensionality of the problem. 
